Nuclear and radiological emergencies, either due to energy release resulting from a nuclear chain reaction or from the decay of toxic radiological products of reaction involving contamination, radiation exposure or both, are a present day reality. The recent incidence of Mayapuri accidental radiation exposure involving one death has shown that any inadvertent lapse in the product life cycle of even sealed radioactive substances may lead to the release of open radiation source in the civilian domain. The prompt and effective response to any such emergencies requires that the responders be given adequate prophylactic biological protection in addition to physical protection to mitigate the consequences of response in hot zones. Ionizing radiation carries enough energy to break chemical bonds, leading to induction of cellular oxidative stress. The consequent cellular oxidative stress is the outcome of an imbalance between reactive oxygen species (pro-oxidant) and the antioxidant defense system. It has been now widely accepted that radiation induces oxidative stress and it is crucial to modulate oxidative stress to develop effective treatment modalities for free radical mediated ailments.\[[@ref1]\] Most of the work reported earlier over the past few decades has relied on synthetic derivatives with radioprotective efficacy, but such agents are known to manifest toxic side effects.\[[@ref2]\] The shift toward the usage of herbals as an alternative has given a ray of hope since they contain a wide spectra of secondary metabolites that enable them to combat the adverse stresses like pollution, radiation, high altitude, severe temperature and UV flux in their native environment, which result in oxidative damage. Several plant species with known ethno-pharmacological importance, including *Podophyllum hexandrum, Hippophae rhamnoides, Ginkgo blioba, Panax ginseng*, etc. have shown promising radioprotective potential during *in vitro* and *in vivo* screening.\[[@ref3][@ref4]\]

The genus *Rhodiola* sps., a member of the Family Crassulaceae, has been widely used in traditional/modern medicine for its ability to enhance physical endurance and to treat impotence, fatigue, gastrointestinal, cardiac and central nervous system disorders.\[[@ref5][@ref6]\] Medicinal properties like anticancer, antimutagenic, anti-inflammatory, anti-aging activities make it invaluable for further pharmacological investigation.\[[@ref7]--[@ref9]\] The adaptogenic potential and therapeutic efficacy of *Rhodiola* sps. against high-altitude sickness, sexual dysfunction and sleep disturbances (depression) has indicated its pharmacological importance in humans.\[[@ref5][@ref10]\] *Rhodiola* possesses flavonoids, tannins, phenolic glycosides, mono- and tri-terpenes, phenyl ethanol derivatives and phenyl-propanoids.\[[@ref5]\] The content and type of bioactive compounds are known to significantly vary with species. One such species with cytoprotective/radioprotective properties is *Rhodiola imbricata*.\[[@ref4][@ref11]\] *R. imbricata* has been investigated for its post-stress recovery potential by virtue of its ability to shift anaerobic metabolism to aerobic metabolic in cases of hypothermia,\[[@ref12][@ref13]\] possessing adjuvant/immunopotentiating activity for humoral and cell-mediated immune response against strong antigens like tetanus toxoid and weak antigens like ovalbumin in rats, being able to stimulate innate immune responses, i.e., toll-like receptor 4, granzyme-B and Th1 cytokines,\[[@ref14][@ref15]\] its anticancerous potential attributing toward NK cell cytotoxicity\[[@ref16]\] and wound healing potential attributing toward an increase in antioxidant and a decrease in lipid peroxide levels in the granulation tissue.\[[@ref17]\]

Presently, the screening protocols, in general, for radioprotectors are confined to protect normal tissue from radiation exposure (antioxidant aspects). On the other hand, if a drug selectively kills cancer cells, the reason could be attributed to its pro-oxidant activity and this activity imparts immense clinical importance to the drug.\[[@ref18]\] Earlier, we had reported the radioprotective efficacy of the crude extract of *Rhodiola* in mice model system.\[[@ref19]\] In the present study, we have attempted to compare the pro/antioxidant aspects of three fractionated extracts of *R. imbricata* in lipid phase and study the effect of solvent system (utilized for fractionation) on the overall radioprotective efficacy, i.e., biological protection to first responders during nuclear and radiological emergencies.

Materials and Methods {#sec1-1}
=====================

Chemicals {#sec2-1}
---------

Ferrous chloride, ferrous sulfate, tween 20, ferric sulfate, copper (II) sulfate were purchased from Sigma Chemicals (St. Louis, MO, USA), while ethanol was obtained from BDH Chemical Co. (Toronto, Ontario, Canada). The rest of the chemicals including ammonium thiocyanate, linoleic acid, etc. utilized for this study were of analytical reagent (AR) grade and were obtained from reputed local suppliers in India. Plasticware (micro-centrifuge tubes, pipette tips) and pipettes were obtained from Tarsons (Kolkata, India).

Plant material {#sec2-2}
--------------

Plant material (stem portion) of *R. imbricata* was procured from the Field Research Laboratory (now called Defence Institute of High Altitude Research), Leh (Jammu and Kashmir, India). A voucher specimen of the same is deposited. The material was authenticated and freed of all extraneous material.

Preparation of fractionated extracts {#sec2-3}
------------------------------------

The plant material was then powdered and Soxhlet extraction was carried out in water (100%), methanol:water (50:50) and methanol (100%) at a temperature of 55°C for 12 hours ×4 times, after making it free of fats and chlorophyll. The overall yield of the fractions, viz., aqueous, aquo-methanolic, and methanolic was 1.2, 0.8 and 1.9%, respectively.

High performance liquid chromatography fingerprinting analyses {#sec2-4}
--------------------------------------------------------------

The fractionated extracts were dissolved in their respective solvent systems and separated on a 250 × 4.0 mm (internal diameter), RP-18 Merck column, using Shimadzu LC-10 AT VP high performance liquid chromatography (HPLC) machine with photodiode SPD M-10A VP/RF-10 AXL fluorescent detector and auto injector SIL-10 ADVP. In each case, 20 *μ*l of sample was injected into the column. The flow rate for all the separations was 0.8 ml/minute at 254 nm, and the column temperature was maintained at 37°C.

Pro-antioxidant activity in lipid phase {#sec2-5}
---------------------------------------

### Preparation of lipid phase {#sec3-1}

Lipid phase was prepared using the methodology of Asamari and co-workers.\[[@ref20]\] A pre-emulsion of linoleic acid was prepared by mixing 3 volumes of linoleic acid in 200 volumes of 30% (v/v) ethanol. An equal volume of tween-20 (\~linoleic acid) was also added as an emulsifying agent.

### Stress induction {#sec3-2}

A modified methodology\[[@ref21]\] was adopted using the basic protocol described by Kitts and co-workers.\[[@ref22]\] Varied concentrations of each extract were mixed with a pre-emulsion of linoleic acid in 1:10 ratio. The various stresses included Fe(II) (100 *μ*M), Fe(III) (100 *μ*M) and Cu(II) (10 *μ*M) in combination with 0.25 kGy supra-lethal exposure \[using ^60^Co gamma chamber (Gamma cell 5000, Bhabha Radiation Isotope Technology, Mumbai, India) at a dose rate of 3.20 kGy/hour\]. The final assay mixture was three times the volume of pre-emulsion used with an incubation period of 2 hours.

### Monitoring of peroxyl radicals induced radiation flux {#sec3-3}

In the present investigation, "supra-lethal radiation (0.25 kGy)" was used as a "flux" with/without numerous "stresses", including "transition metal ions", i.e., Fe(II), Fe(III) and Cu(II). The peroxyl ions generated due to the stress ± flux-induced linoleic acid degradation was monitored using ammonium thiocyanate assay.\[[@ref22]\] A modified microassay was used for simultaneously monitoring of variation in the levels of peroxyl radical. The assay mixture contained 5 *μ*l each of aliquot of respective sample, 30% ammonium thiocyanate and 0.1% ferrous chloride in a total volume of 200 *μ*l in 75% ethanol. Color development was measured at 500 nm against ethanol. Percent enhancement in absorbance with respect to respective control was considered as pro-oxidant activity, while the decrease in percentage absorbance reflected antioxidant activity at a particular concentration.

### Correlation analysis: Solvent effect {#sec3-4}

The solvent systems (with varying dielectric constants, viz., 80, 56.5 and 33) used for extraction were aqueous, aquo-methanolic and methanolic, respectively. A correlation analysis between mean protective potential against radiation (considering all concentrations) under different stress ± flux states and decrease in dielectric constant of solvent system, was carried out using SPSS software version 10 in an attempt to optimize the solvent system required for obtaining maximal radioprotective effect in lipid phase.

Results and Discussion {#sec1-2}
======================

Oxygen itself is a biradical as it has two unpaired electrons. When it oxidizes another biomolecule by accepting a pair of electrons, the resultant spin of electrons is in a parallel fashion. On the other hand, electronic configuration is said to be thermodynamically more stable, if the electrons are present in an anti-parallel fashion. An unfavorable state of parallel spin (termed as "spin restriction") forces the delay in transfer of electron, leading to slow rate of oxygen reaction.\[[@ref23][@ref24]\] Further, such a situation favors one-electron transfer leading to the formation of an atom/molecule with an unpaired electron called as free radical.\[[@ref25]\] The initiation step in the formation of free radicals is the hydrolysis of water molecules by direct energy deposition during radiation flux. These free radicals, even at a very low concentration, are able to initiate lipid peroxidation.\[[@ref26]\] It is thus a particularly pernicious phenomenon which must be fought as a priority by defense mechanisms including the action of antioxidants.\[[@ref27]\] In the presence of physiological amplifiers (transition metals, i.e., iron and copper), oxidative stress is induced. Iron is an essential trace element and more than \>60% of iron is present in the form of heme, cytochromes and metalloenzymes and stored in a complex from with transferrin or ferritin.\[[@ref28]\] Transferrin is a plasma iron-binding glycoprotein (80 kDa) and can bind to 2 g of iron.\[[@ref28]\] Transferrin, being a source of redox-active iron, acts as pro-oxidant, while it acts as an antioxidant by the virtue of its ion-binding capacity.\[[@ref29]\] Radiation-induced degradation of plasma proteins leads to release of redox-active iron.

In the present study, three fractionated extracts of *R. imbricata* were assayed for their capacity to protect linoleic acid against the attack of peroxyl radicals in the presence of iron/copper ions and ±radiation flux. Aqueous fraction (dielectric constant = 80) exhibited a significant (*P* \< 0.05) pro-oxidant activity in the case of untreated (--flux), which increased in a dose-dependant manner up to 100 *μ*g/ml, beyond which a decrease in activity was observed \[[Table 1](#T1){ref-type="table"}\]. Further, the addition of Fe(II) as an inducer stress, did not cause any further increase in the pro-oxidant activity, while a gradual shift toward significant antioxidant activity (*P* \< 0.05) at the highest concentration tested (64.66% inhibitor at 1000 *μ*g/ml) was observed. The presence of Fe(III) (±flux) supported pro-oxidant activity, further validating the finding that the constituents exhibiting electron donation ability in lipid phase in the presence of Fe(III) act in the following manner:

###### 

Pro-oxidant--antioxidant activities of aqueous fraction in lipid phase

![](JPBS-2-213-g002)

Reaction (4) is similar to the reaction occurring at physiological level, in which the free Fe(III) from transferrin or ferritin accepts an electron donated by superoxide ion (acting as pro-oxidant) and generates Fe(II) with higher oxidizing ability. Ascorbic acid, a known antioxidant,\[[@ref30]\] in the presence of transition metal, acts as a pro-oxidant but at a lower concentration.\[[@ref31]--[@ref33]\] It indicates that the fraction also possesses a compound similar to ascorbic acid in terms of its pro-oxidant activity at specific concentrations. Such biphasic mechanisms (pro-oxidant-antioxidant) become more complex in herbal drugs and it is an outcome of a number of constituents acting in synergism/antagonism manner and these findings are further supported by our earlier observations in case of *P. hexandrum*.\[[@ref21]\]

Such a transition of Fe(III) to Fe(II) amplifies the free radical flux\[[@ref34]\] as Fe (II), redox active form of iron attacks lipids causing generation of peroxyl flux (Reaction 7). The constituents present in the fractionated extract also inducing linoleic acid degradation in the same way, thereby exhibiting increase in level of peroxyl radicals or prooxidant activity.

In the present study, such iron-induced peroxyl radicals were monitored to mimic the lipid peroxidation occurring in the living system \[Reactions 7 and 8\].

The antioxidant activity of aqueous fraction at 1000 *μ*g/ml could be explained on the basis that the constituents with the ability to make coordinate complexes with metal ions have attained their bioeffective concentrations. Other workers have reported that in natural plant products containing polyphenolics,\[[@ref19]\] antioxidant activity critically depends upon the presence of hydrogen donating constituents and these could have phenolic hydroxyl like structures whose number and position in the aromatic ring moieties of polyphenols gives them the ability to delocalize oxidant radicals and chelate transition metal ions.\[[@ref35]\]

Aquo-methanolic fraction (dielectric constant = 56.5) exhibited a dose-dependant decrease in pro-oxidant activity in untreated (±flux) set up to 250 *μ*g/ml \[[Table 2](#T2){ref-type="table"}\]. Above 500 *μ*g/ml concentration, the aquo-methanolic fraction exhibited significant (*P* \< 0.05) antioxidant activity (19.23%), which was further enhanced in the presence of Fe(II) to 36.05% and could be attributed to "metal ion chelators", which got enriched due to decrease in dielectric constant of the solvent system. The presence of Fe(III) showed an increase in antioxidant activity, although a significant increase was not observed. This observation could be visualized as the higher level of compound possessing metal ion chelation activity as compared to the constituents having pro-oxidant activity at specific concentrations. It indicated the presence of some chain-breaking antioxidant moieties able to scavenge peroxyl radicals\[[@ref36]\] at specific concentrations, playing a pivotal role in providing protection to lipid against the radiation flux. The ability of aquo-methanolic fraction to exhibit both antioxidant and pro-oxidant activities in a dose-dependent manner could be attributed to the presence of various metabolites, i.e., rhodioloside, rosarin, rosavin, rosin and cinnamic alcohol \[[Figure 1](#F1){ref-type="fig"}\].
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Pro-oxidant--antioxidant activity of aquo-methanolic fraction in lipid phase
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![HPLC profile of aqueous methanolic extract of *R. imbricata* λ 340.8 nm](JPBS-2-213-g009){#F1}

Methanolic extract (dielectric constant = 33) showed a significant (*P* \< 0.05) increase in reductant power at all the concentrations tested as compared to the other two extracts. A dose-dependant increase in antioxidant activity up to 250 *μ*g/ml in untreated (±flux) set was observed \[[Table 3](#T3){ref-type="table"}\]. The presence of Fe(II) promotes slight pro-oxidant activity at intermittent concentrations (100 and 250 *μ*g/ml), and at higher concentrations (500--1000 *μ*g/ml) it exhibited significant antioxidant activity which could be due to the metal chelation activity of flavonoids. In the case of Fe(III) + flux, a significant increase in pro-oxidant activity was observed \[as compared to Fe(III) alone\], indicating that loss/rate of conversion of methanol-soluble bioactive constituents, while encountering oxidant species, is rapid. Such an effect could also be due to the antagonistic interaction with other constituents or metal ion induced oxidation of the polyphenols. Polyphenols have been reported earlier to be present in *R. imbricata*.\[[@ref19]\] Several workers have reported that the metal ion induced oxidation of polyphenols/flavonoids enhanced their pro-oxidant activity.\[[@ref37]\] Flavonoids are strong chain-breaking antioxidants\[[@ref38][@ref39]\] in agreement with their fast reaction with lipid peroxyl radicals (antioxidant aspects), structurally attributed to di-hydroxyl groups (catechol moieties) of B-ring of basic structure of flavonoids,\[[@ref40][@ref41]\] while they are also able to act as chain initiators of radical-induced peroxidation (pro-oxidant aspects) and this has been reported as a *flavonoid paradox*.\[[@ref27]\] Such a paradox favors the probability of fraction to act in dual manner, i.e., cytoprotective--cytotoxic in a concentration-dependant manner.

###### 

Pro-oxidant--antioxidant activity of methanolic fraction in lipid phase
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In continuation, 10 *μ*M of copper ions ± 0.25 kGy was also used as a stress inducer. Cu(II) and Zn(II) are the chief ions present in nucleus, serum and tissues.\[[@ref42][@ref43]\] Cu(II) is an essential constituent of chromatin and its levels are elevated during malignancies.\[[@ref42][@ref43]\] Copper ions from chromatin can be mobilized by metal chelating agents causing inter-nucleosomal DNA fragmentation, a signature mark for transformed cells undergoing apoptosis.\[[@ref44]\] It is an essential trace element existing in two oxidation states \[Cu(II) and Cu(I)\], and at physiological level, it maximally remains bound to a copper-binding glycoprotein (130 kDa) called as ceruloplasmin. Ceruloplasmin has the ability to bind six or seven copper ions per molecule.\[[@ref45]\] It also possesses ferroxidase activity and superoxide ion scavenging potential.\[[@ref28][@ref46]\] Radiation-mediated free radical flux acts as an initiating step in the degradation of proteins, thereby resulting in the release of free copper ions, which in the presence of pro-oxidants like superoxide ions/ascorbic acid reduce to Cu(I) state having higher oxidizing potential.\[[@ref32]\]

In the present study, the aqueous fraction showed potent pro-oxidant activity at 2.5 *μ*g/ml, while between 5 and 10 *μ*g/ml, it showed antioxidant activity, beyond which no copper chelation effect was observed \[[Figure 2](#F2){ref-type="fig"}\]. On the other hand, at 10 times higher concentration, i.e., 250 *μ*g/ml, as compared to the aqueous fraction, the aquo-methanolic fraction exhibited significant pro-oxidant activity \[[Figure 3](#F3){ref-type="fig"}\]. Beyond this concentration, a dose-dependant reduction in peroxyl flux was recorded. In the case of methanolic fraction \[[Figure 4](#F4){ref-type="fig"}\] , antioxidant activity was found to increase in a concentration-dependant manner (50--500 *μ*g/ml), indicating their switch over to antioxidant species enrichment with the usage of methanolic system.

![Antioxidant activity (in lipid phase) of aqueous fraction in linoleic acid pre-emulsion assay system. Cu (10 μM) was used to induce lipid peroxidative stress in combination with 0.25 kGy. %Inhibition of lipid oxidation was evaluated and compared to control (0% inhibition); ^\*^significant at *P* \< 0.05 vs. control](JPBS-2-213-g012){#F2}

![Antioxidant activity (in lipid phase) of aquo-methanolic fraction in linoleic acid pre-emulsion assay system. Cu (10 μM) was used to induce lipid peroxidative stress in combination with 0.25 kGy. %Inhibition of lipid oxidation was evaluated and compared to control (0% inhibition); ^\*^significant at *P* \< 0.05 vs. control](JPBS-2-213-g013){#F3}

![Antioxidant activity (in lipid phase) of methanolic fraction in linoleic acid pre-emulsion assay system. Cu (10 μM) was used to induce lipid peroxidative stress in combination with 0.25 kGy. %Inhibition of lipid oxidation was evaluated and compared to control (0% inhibition); significant at *P* \< 0.05 vs. control](JPBS-2-213-g014){#F4}

The pro-oxidant activity in the presence of copper ions could be attributed to either generation of Cu(I) by electron donation or copper ion mediated oxidation of active constituents to more pro-oxidant ones. On the other hand, methanol-soluble bioactive constituents could attribute antioxidant activity to chelation effect caused by polyphenolics or due to the direct scavenging of peroxyl radicals. It has been widely accepted that natural plant products like gallo-tannins such as epi-gallocatechin-3-gallate and gallic acid along with polyphenolics like curcumin and reservatrol were able to induce apoptosis in cancer cell lines, but not in normal cells.\[[@ref47]--[@ref50]\] Such differential anticancerous activity was mediated by mobilization of endogenous cooper ions and induction of copper-mediated oxidative damage to DNA of cancer cells.\[[@ref51]--[@ref54]\] The ability of fractions to act in differential ways against transition metals or radiation stresses indicates the probable role in achieving differential radioprotection in mammalian system, although it warrants further investigation. Recent studies on *R. imbricata* reporting on its immune-potentiating,\[[@ref14][@ref15]\] anticancerous\[[@ref16]\] and wound healing abilities\[[@ref17]\] support the observations of the present study to develop these fractions as potential safe prophylactics for biological radioprotection to first responders.

Further, the effect of solvent system on pro- and antioxidant activity was also studied and the correlation analysis also validated the above findings. A decrease in dielectric constant of solvent system exhibited a significant (*P* \< 0.05) negative correlation (*r* = 0.955) with radioprotective efficacy, clearly indicating a shift from pro-oxidant to antioxidant activity. This finding was found to be in coherence with the higher antioxidant activity, which was exhibited by methanol-soluble bioactive constituents in all the cases of peroxidative stress. In case of Fe (III) + flux, induction of pro-oxidant activity was found to be positively correlated with decrease in dielectric constant. It indicates the possibility metal ion-induced oxidation of the constituents (soluble in methanol) leading to shift in their activity pattern towards prooxidant activity \[[Table 4](#T4){ref-type="table"}\]. In view of its biphasic disparate biological activity, it could be useful for cancer therapy and radioprotection. Further dose optimization studies are underway for achieving differential radioprotective efficacy in mammalian model system.

###### 

Effect of variation in dielectric constant of solvent system on radioprotective efficacy
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Conclusion {#sec1-3}
==========

We conclude that the *R. imbricata* is a potential prophylactic agent that can be used effectively as a biological radioprotector in nuclear and radiological emergencies. Previous studies indicate its nontoxicity in animal systems, revealing its safe usage up to significantly higher doses. Further studies are warranted to develop various formulations and comparative analysis of survival against lethal gamma radiation exposure in animal system.
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